Featured Application: The study aims at making a step towards the rational design of ionic liquids for specific applications. The key to this rational design is to fully understand the structure-property relationships. In other words, knowing the links between the behavior at the molecular and the macroscopic scale will enable to develop materials/fluids with optimal properties for a given application, e.g., a chemical process or an electrochemical device.
Introduction
Ionic liquids (ILs) are typically composed of bulky organic cations and inorganic or organic anions. They represent fascinating materials in the liquid as well as the solid state, with numerous potential applications in electrochemistry and chemical engineering [1, 2] . Interionic interactions between cations and anions are known to govern the molecular and macroscopic properties of 1,3-dialkylimidazolium-based ionic liquids. In particular, the C(2) position plays a crucial role in this respect, because the charge distribution in the aromatic ring leads to enhanced polarization and hence a slightly acidic nature of the C(2)-H bond. Consequently, the C(2) proton is the favorable hydrogen-bond donor. A comprehensive overview has recently been given by Pascoal et al. [3] .
Most studies to date have focused on the interionic interactions of ionic liquids, in which the 1,3-dialkylimidazolium cation is combined with nonsymmetrical anions, exhibiting rather well-defined moieties for establishing hydrogen bonds. The list of investigated anions includes bis(trifluoromethylsulfonyl) imide [4] [5] [6] [7] , nitrate [8] , alkyl sulfates [5, 9] , dicyanamide [5, 10] , thiocyanate [5] , acetate [11, 12] , hydrogen sulfate [13, 14] , and trifluoromethanesulfate [15, 16] . On the other hand, interactions with highly symmetrical anions have been studied less. Examples include the halogenides [17] [18] [19] , tetrafluoroborate [20, 21] , and hexafluorophosphate [15, 22] . However, systematic studies with varied anions are rare [23] or have had a different focus, e.g., on the rotational isomerism of the cation [24] .
To study the effects of the C(2) position, it has commonly been analyzed in its protonated and methylated forms [4, 8, 19, [25] [26] [27] . The methylation at C(2) basically removes the possibility to form hydrogen bonds with the anion at this site. The impact of C(2) methylation on the viscosity of imidazolium ionic liquids has been studied extensively, leading to several theories. Fumino's defect theory [7] suggests that the absence of a strong and directional hydrogen bond at C(2) produces a reduced disruption of order. On the other hand, Hunt's reduced entropy theory [28] argues that the methyl group at the C(2) position blocks low energy configurations. Noack et al. [4] showed that electron density changes can alter the position and strength of interionic interactions and lead to reduced configurational variations. Izgorodina's dynamic theory [29] suggests that the free-energy barrier for the anion to move relative to the imidazolium cation increases the viscosity.
The present study aims to shed further light on the role of the C(2) position in imidazolium ionic liquids regarding the interionic interactions with highly symmetrical anions. For this purpose, FTIR, Raman, and H-NMR spectroscopies are applied to the [I − ], [BF 4 − ], and [PF 6 − ] compounds of 1-methyl-3-propylimidazolium [MPrIm + ]. In addition, the thermal behavior is investigated. To study the influence of the hydrogen bonding effects at C(2), the three anions have also been combined with the 1,2-dimethyl-3-propylimidazolium [MMPrIm + ] cation. In this cation, the C(2) position is methylated to remove the possibility of acting as a hydrogen bond donor. The chemical structures and the numbering scheme are illustrated in Figure 1 . To the best of the authors' knowledge, this work represents the first combined NMR and vibrational spectroscopic study of protonated and methylated imidazolium ILs with systematically varied spherical anions.
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Materials and Methods

Synthesis and Initial Characterization of Chemicals
The reagents 1-methylimidazole (>99%), 1,2-dimethylimidazole (98%), propyl iodide (98%), ammonium hexafluorophosphate (99.5%), and ammonium tetrafluoroborate (99.5 wt%) were purchased from Fluka and used as received. Deionized H 2 O was obtained with a Millipore ion-exchange resin deionizer. MPrImX and MMPrImX (with X = [I − ], [BF 4 − ], and [PF 6 − ]) were synthesized as follows. A mixture of 1-methylimidazole (7.78 mL, 100 mmol) and propyl iodide (9.74 mL, 50 mmol) was heated at 120 • C for 3 min. During this period, it was additionally exposed to microwaves. The yield of the reaction was 87%. In the next step, the reaction mixture was evaporated at reduced pressure. Then diethyl ether (5 × 20 mL) was used to wash the product several times in order to remove any excess propyl iodide. Thereafter, the product was dried under vacuum for 8 h to remove the solvent, yielding a product with sufficiently high purity. The [BF 4 − ] ILs were prepared employing the same procedure. On the other hand, the [PF 6 − ] ILs were obtained through a metathesis anion exchange reaction from IL iodide. They were washed with distilled water several times, yielding a 2-phase mixture: the ionic liquid at the bottom and an aqueous solution at the top. The former was separated from the latter by centrifugation (3000 rpm) for 60 s. A rotary evaporator was used to remove residual volatile compounds from the ionic liquid phase at reduced pressure. Then the liquid was washed with fresh ethyl acetate (100 mL). The same protocols were followed to synthesize the methylated ILs, using 1,2-dimethylimidazole as the precursor. In order to remove water-soluble impurities and obtain sufficiently high purity, all ILs were washed with high-purity water under stirring. Then the 2 phases were separated and dried during continuous agitation under vacuum conditions (≈10 Pa) at 70 • C over several hours to reduce the water content and volatile compounds. Prior to use, all of the ILs were dried on a high-vacuum line (p < 10 −5 bar) for 4 days at~40 • C. The water content was measured by coulometric Karl Fischer titration (Metrohm 831). The obtained values are summarized in Table 1 The structures of the obtained products were confirmed using 1 H, 13 C, 19 F, 31 P-NMR, and FT-IR spectroscopy. The data also confirm the absence of significant impurities, e.g., residuals of the reactants or byproducts. The spectroscopic data are given below: 
Thermal Analysis
Concomitant thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements were performed using a Setaram Setsys 1200 instrument under an inert helium flux of 60 mL/min. The temperature ranges from 25 • C to 650 • C was studied with an increment rate of 5 • C/min. According to the manufacturer, the resolution of the DSC is 1 µW and that of the TGA balance is 1 ng, with a potential absolute shift of 100 ng per hour.
Raman and IR Spectroscopy
The Raman and IR measurements were performed at the Walloon Agricultural Research Center (Craw) Belgium. Fourier transform mid-infrared spectra were acquired on a Bruker Vertex II-70RAM Spectrometer (Bruker Analytical, Madison, WI, USA) operating with a Golden Gate diamond ATR accessory TM (Specac Ltd., Slough, UK). The FTIR spectra (600-3500 cm −1 ) were collected with 1 cm −1 resolution by co-adding 64 scans for each spectrum. FT-Raman spectra were acquired on a Vertex 70-RAM II Bruker FT-Raman spectrometer. This instrument is equipped with an Nd:YAG laser (wavelength 1064 nm, maximum power 1.5 W) and a liquid nitrogen cooled Ge detector. FT-Raman spectra (45-4000 cm −1 ) were collected with 1 cm −1 resolution by co-adding 128 scans for each spectrum at room temperature.
Results
Thermal Behavior
In order to study the effects of methylation at the macroscopic level, the thermal behavior was analyzed using TGA and DSC measurements. The resulting thermograms and heat flux curves are presented in Figure 2 . The diagrams on the left display the protonated ILs and those on the right show the behavior of the methylated counterparts. Qualitatively, they appear similar, but the temperatures where phase transitions and thermal decomposition take place vary significantly. The derived numbers are summarized in Table 2 . It can be seen that generally, methylation results in an increased melting point. The protonated iodide and tetrafluoroborate ILs are liquid at room temperature, while their methylated counterparts are solid. In the hexafluorophosphate case, both ILs are solid at room temperature, but again, methylation elevates the melting point by 50 K. Table 2 . Thermal properties of C2-methylated and C2-protonated imidazolium-based ionic liquids. Interestingly, methylation at the C(2) position also has an impact on the thermal decomposition. For all three anions, an increased decomposition temperature is observed. This means that the methylation has an impact not only on the thermophysical properties and molecular arrangements, which has previously been shown for other anions [4] , but also on the molecular stability. In the following, we make an attempt to understand the molecular phenomena and mechanisms leading to the observed thermal behavior by analyzing the vibrational spectra at room temperature.
Ionic Liquid
3163/3143 (IR/Raman), 3163/3154, and 3171/3181 cm −1 for the [I − ], [BF4 − ], and [PF6 − ] compounds, respectively. In contrast, the C(2)-H stretches appear at 2852, 2849, and 3004 cm −1 , indicating an involvement in strong hydrogen bonding interactions. For completeness, we note that assignment of the CH stretching bands of imidazolium-based ILs is a subject of ongoing debate (see, for example, [3, 22, [33] [34] [35] ) and a definitive conclusion has not yet been reached. The assignment used in the present study is consistent with our previous work; all IL data we have recorded so far point in this direction. Upon methylation of the C(2) position, the C(2)-H stretching bands disappear and the C(4)/(5)-H are modified in all three types of ionic liquids, suggesting a molecular rearrangement of the anioncation interactions. Interestingly, the initially degenerate peak of the C(4)/(5)-H stretching modes splits into blue-and red-shifted components. This can be explained by the fact that the anion predominantly interacts with only one of the two protons: a new hydrogen bond is formed at either C(4) or C(5). Consequently, the hydrogen-bonded CH stretch is red-shifted. At the same time, a redistribution of the charge in the aromatic system occurs as a result of the methylation and the 
Vibrational Spectra
The full ranges of IR and Raman spectra of all compounds are displayed in Figure 3 . The detailed vibrational analysis and tentative assignments are summarized in Tables A1 and A2 in the appendix. The assignments are based on previous work and the references therein [6, 19, 30] . In the following, we focus on a discussion of the interionic interactions.
The predominant sites of the protonated cation (R = H) for hydrogen bonding interactions are the aromatic CH groups at C(2), C(4), and C(5). As mentioned above, the C(2) proton of imidazolium compounds is slightly acidic, hence it is expected to be the main donor of hydrogen bonds [31] . The formation of a hydrogen bond at C(2) leads to a change in the strength of the covalent C(2)-H bond, which in turn can be observed as a frequency shift of the corresponding vibrational mode. A red shift (i.e., a shift toward lower frequency or wavenumber) means a weakening of the bond, and a blue shift (i.e., a shift toward higher frequency or wavenumber) means strengthening [32] .
The formation of strong hydrogen bonds is commonly associated with a red shift. Consequently, the C(2)-H stretching vibration should occur at a lower wavenumber than its C(4)/(5)-H counterparts. This has also been suggested by DFT calculations of other imidazolium-based ionic liquids, e.g., in references [6, 16] compounds, respectively. In contrast, the C(2)-H stretches appear at 2852, 2849, and 3004 cm −1 , indicating an involvement in strong hydrogen bonding interactions. For completeness, we note that assignment of the CH stretching bands of imidazolium-based ILs is a subject of ongoing debate (see, for example, [3, 22, [33] [34] [35] ) and a definitive conclusion has not yet been reached. The assignment used in the present study is consistent with our previous work; all IL data we have recorded so far point in this direction. hydrogen bond formation. This manifests as a blue shift of the other CH mode. The arrows in Figure  3 mark the initial and resulting bands in the IR and Raman spectra. study BMIm] I is closer to the proton at the 4 or 5 position than in BF4 − and PF6 − salts. This is in agreement with our results. Upon methylation of the C(2) position, the C(2)-H stretching bands disappear and the C(4)/(5)-H are modified in all three types of ionic liquids, suggesting a molecular rearrangement of the anion-cation interactions. Interestingly, the initially degenerate peak of the C(4)/(5)-H stretching modes splits into blue-and red-shifted components. This can be explained by the fact that the anion predominantly interacts with only one of the two protons: a new hydrogen bond is formed at either C(4) or C(5). Consequently, the hydrogen-bonded CH stretch is red-shifted. At the same time, a redistribution of the charge in the aromatic system occurs as a result of the methylation and the hydrogen bond formation. This manifests as a blue shift of the other CH mode. The arrows in Figure 3 mark the initial and resulting bands in the IR and Raman spectra.
The strongest effects are found in the spectra of the [I − ] and [BF 4 − ] compounds. In the iodide IL, the IR band at 3136 cm −1 is split into a significantly blue-shifted (∆ν = +39 cm −1 ) and a moderately [36] . This suggests that the anion's polarizability plays an important role in determining not only the strength of the hydrogen bond, but also the charge distribution across the cation. This charge redistribution upon methylation is also reflected by many other vibrational modes of the aromatic ring, e.g., for all three anions, the N-C(6) stretching modes are blue-shifted by about 10 cm −1 in the methylated compounds. In summary, the IR and Raman spectra of the C(2) protonated ILs show that the anion interacts with the cation via formation of a strong hydrogen bond at C(2)-H. Upon methylation, the anion moves to the C(4) and C(5) moiety, where it forms a new hydrogen bond with one of the two protons. The spectra do not suggest that other interaction mechanisms, such as those via the π-electron system of the aromatic ring (often referred to as the on-top position [37] [38] [39] ), play a major role. Moreover, Endo et al. [26] performed an experimental and computational study on methylated and nonmethylated butylimidazolium ILs with spherical anions. They found that the melting points and freezing points of these ILs increase with methylation at the C(2) position. They also found that the Raman bands of [BMIm]I shift red upon C (2) 
NMR Spectra
The H-NMR data can shed further light on the effects of C(2) methylation. Table 3 summarizes the measured peaks and their assignments based on [4, 40, 41] . Signatures of the C(2) and C(10) protons can only be found in the nonmethylated and methylated ILs, respectively. In all three IL pairs, the C(4) and C(5) protons experience an upfield shift upon methylation, which indicates increased electron density. This increase can be explained by the inductive effect of the added methyl group and by charge transfer via the new hydrogen bond. This charge transfer seems to be rather small for iodide, as the upfield shifts are small. Interestingly, the shifts in the protons at the aromatic ring and those in the alkyl side chains are very similar. This indicates that the overall charge distribution at the protons is not significantly altered and almost independent of the position at which the iodide ion interacts with the cation. This is different for the two molecular anions, [ Figure 5 is not exclusive. In the real liquid, a distribution of several cation/anion configurations will be present simultaneously [43] , and the sketch must be seen as one example of what the data suggest exists in larger amounts. in computational studies [4, 5, 7, 28, 29, 38] . This suggests that the above findings represent a rather universal phenomenon. 
Conclusions
In this study, we have investigated the role of the C(2) position in imidazolium-based ionic liquids with highly symmetric anions. A series of compounds in which the C(2) position was either protonated or methylated was analyzed with respect to the thermal and structural (IR, Raman, and H-NMR) properties. In the ILs exhibiting a proton at C(2), this functional group represents the predominant site for interionic interactions via hydrogen bonding. When the proton is replaced by a methyl group, this possibility is removed and the anion rearranges itself at the opposite side of the ring. It forms a new hydrogen bond with either the C(4) or C(5) proton. The split of the initially degenerate C(4)/(5)-H stretching band into red-and blue-shifted new peaks suggests that only one of the two aromatic CH groups is involved in this hydrogen bond. With increased diameter of the anion, additional interactions seem to take place with the propyl side chain. This is suggested by the NMR spectra. The spectroscopic observations indicate an increase in the homogeneity of the electron distribution upon methylation. This gain in symmetry is reflected at the macroscopic level by an increase in viscosity and melting point. In other words, the methylated ILs are characterized by lower fluid mobility and easier arrangement in a solid crystalline network. Similar behavior has also been found for imidazolium-based ILs with nonsymmetric anions, thus it appears to be a universal phenomenon. A further interesting observation was that methylation of the C(2) position resulted in an increased decomposition temperature. This implies that the changes in the chemical structure and interactions lead to enhanced stability of the compounds. Therefore it may be speculated that the thermal decomposition likely starts at the C(2) moiety. Analyzing the decomposition in more detail would require coupling the TGA with FTIR and mass spectrometry analysis of the flue gas. − ]. The geometries were energetically optimized using the MM2 function of ChemDraw, but they may not accurately represent the true configuration due to the simplistic underlying model. They are meant to serve as a general illustration of the interaction.
In all three cases, methylation of the C(2) positions results in a replacement of the highly directional interaction between the cation and the anion by a less exclusive one that furthermore allows additional interactions with the ring and the side chains. This is particularly true for the molecular anions, [BF 4 − ] and [PF 6 − ]. Consequently, the overall molecular system gains symmetry when the C (2) number of other dialkylimidazolium ILs, e.g., NTf 2 and other halogenide anions, and in computational studies [4, 5, 7, 28, 29, 38] . This suggests that the above findings represent a rather universal phenomenon.
In this study, we have investigated the role of the C(2) position in imidazolium-based ionic liquids with highly symmetric anions. A series of compounds in which the C(2) position was either protonated or methylated was analyzed with respect to the thermal and structural (IR, Raman, and H-NMR) properties. In the ILs exhibiting a proton at C(2), this functional group represents the predominant site for interionic interactions via hydrogen bonding. When the proton is replaced by a methyl group, this possibility is removed and the anion rearranges itself at the opposite side of the ring. It forms a new hydrogen bond with either the C(4) or C(5) proton. The split of the initially degenerate C(4)/(5)-H stretching band into red-and blue-shifted new peaks suggests that only one of the two aromatic CH groups is involved in this hydrogen bond. With increased diameter of the anion, additional interactions seem to take place with the propyl side chain. This is suggested by the NMR spectra. The spectroscopic observations indicate an increase in the homogeneity of the electron distribution upon methylation. This gain in symmetry is reflected at the macroscopic level by an increase in viscosity and melting point. In other words, the methylated ILs are characterized by lower fluid mobility and easier arrangement in a solid crystalline network. Similar behavior has also been found for imidazolium-based ILs with nonsymmetric anions, thus it appears to be a universal phenomenon. A further interesting observation was that methylation of the C(2) position resulted in an increased decomposition temperature. This implies that the changes in the chemical structure and interactions lead to enhanced stability of the compounds. Therefore it may be speculated that the thermal decomposition likely starts at the C(2) moiety. Analyzing the decomposition in more detail would require coupling the TGA with FTIR and mass spectrometry analysis of the flue gas. Funding: This research received no external funding.
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[ − ]. vw = very weak, w = weak, m = medium, s = strong, sh = shoulder, Str = stretch, δ = deformation, bend = bending deformation, γ = out of plane deformation, ω = wagging, ρ = rocking, sym = symmetric, asym = asymmetric.
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